Compositions of type 304 austenitic stainless steels were modified with additions of boron, cerium and titanium. The additions of cerium and titanium removed free sulfur almost completely by formation of sulfides (Ce 2 O 2 S 2 and Ti 4 C 2 S 2 ), and led to precipitation of boron nitride onto creep cavity surfaces during creep exposure. Chemistries of the creep cavity surfaces, exposed by breaking creep exposed specimens at liquid nitrogen temperature under impact loading, were examined by Auger electron spectroscopy. The Auger spectra revealed the presence of boron nitride precipitating onto creep cavity surfaces. It was indicated that the boron nitride suppressed creep cavity growth and provided the steel with higher rupture strength and higher rupture ductility.
Introduction
Long term service exposure of heat resisting steels in creep regime of high temperatures and stresses leads to generation of creep cavities.
1) The creep cavities nucleate at grain boundaries, grow along grain boundaries perpendicular to stress, form grain boundary cracks by linking up each other and cause the premature and low ductility fracture. They are very difficult to detect the microscopic creep cavities and also predict the abrupt failure due to cavitation of operating high temperature plant equipments, such as boilers and turbines in the fossil-fueled power plants. More than 80% of the fossil power plants in Japan have been in service for longer than 10 years, and the problem of the service-induced creep cavities is especially severe in the old power plants that have been in service for 20 to 30 years or more, and approaching their design life expectancy. 2) In order to improve the performance of heat resisting steels and safely extend the lives of the high temperature plant equipments, it should be most effective to suppress creep cavity formation and growth. The creep cavities are considered to grow by diffusive transport of matter from the creep cavity surfaces to the grain boundaries. Surface control of the creep cavities, therefore, should be very effective for suppression of the creep cavity growth. The present authors have succeeded in precipitating BN of compound, which is very stable at high temperatures, 3, 4) onto creep cavity surfaces in heat resisting steels. Preliminary results up to now have indicated that BN on creep cavity surfaces suppressed the creep cavity growth markedly and provide the steels improved creep rupture properties. 3, 4) The steels used in the preliminary study, however, were limited to three steels, and not sufficient to elucidate effects of some metallurgical factors in addition to BN precipitation on the creep rupture properties.
An objective of the present paper, therefore, is to verify beneficial effects of BN precipitation on growth rate of the creep cavities and rupture properties, taking some metallurgical factors into consideration. For the study, several 304 austenitic stainless steels were melted and modified with additions of B, N, S, Ti and Ce. Influence of metallurgical factors in addition to BN precipitation has been studied and beneficial effects of BN precipitation has been verified by using the modified 304 austenitic stainless steels.
Experimental Procedures
Chemical compositions of type 304 austenitic stainless steels were modified with additions of B and N with a view of precipitating BN, and also modified with additions of Ce 5, 6) and Ti [7] [8] [9] [10] for removing free S which segregates easily onto creep cavity surface, then obstructing BN precipitation onto creep cavity surfaces. Chemical compositions of 8 steels used in the present work are shown in Table 1 .
The steels A and B in Table 1 were melted as standard 304 austenitic stainless steels to compare with the modified steels and estimate effects of metallurgical factors, such as added alloy elements and the BN precipitation, on creep cavity growth and rupture properties. The steel A is a comparatively clean steel while the steel B contains a low amount (0.086 mass%) of Al, which deteriorates the long term creep rupture properties. 11) In the steel C, 0.009 mass% of B and 0.154 mass% of N were added with a view of BN precipitation. In the steels D, E and F, low amount of Ce was added with the intention of removing bulk free S. The amounts of residual Ce in the steels after desulfurization were suppressed less than 0.01 mass%, since more than 0.01 mass% of Ce causes severe brittleness and hot shortness. 6) In the steel G, the addition of B increased from usual amount of 0.01 mass% to comparatively higher level of 0.074 mass% with the intention of accelerating BN precipitation. In the steel H, 0.33 mass% of Ti was added to the chemical constituent of the steel G with the intention of removing free S more thoroughly. The additions of Ce and Ti are thought to remove free S effectively by formation of Ce 2 O 2 S and Ti 4 C 2 S 2 , respectively.
The melted 8 steels were rolled to bars of 20 mm in diameter and subjected to solution heat treatments in the temperature range from 1130 to 1180 C, to arrive at grain sizes with ASTM numbers of around 5. Creep rupture specimens of 10 mm diameter and 50 mm gauge length were taken from the rolled bars, and creep rupture tests were performed at 750 C over a range of 18-118 MPa in air. X-ray diffraction analyses of the precipitates in the steels after the creep rupture tests were carried out. A solution of 10% acetyl acetate was used to electrolytically extract the precipitates from the steels. Limited transmission electron microscopy (TEM) investigations were carried out on the steels to determine micro-structural change with the addition of the alloy elements. Creep cavities in the ruptured specimens were observed under a scanning electron microscope (SEM) and quantified by the density change measurements. [11] [12] [13] Chemistries of the creep cavity surfaces of the steels were examined by Auger electron spectroscopy (AES). Notched specimens of 3 mm in diameter were machined from the creep ruptured specimens and fractured under impact loading at liquid nitrogen temperature inside AES chamber to expose the grain facets with creep cavities on them.
Results and Discussion

Creep rupture properties
Creep rupture properties of the 8 steels (Table 1) are shown in Fig. 1 . The variation of creep rupture life with applied stress reveals that the creep rupture strength considerably differs from steel to steel, and the divergence of the strength becomes wider with increasing time to rupture. The essential features of the creep rupture strength of the 8 steels are as follows:
. The steel A of the standard 304 austenitic stainless steel shows the lowest creep rupture strength, and the steel B containing 0.086 mass% of Al slightly higher rupture strength than that of the steel A; . The creep rupture strength of the steels C, D, E and F, which contain about 0.01 mass% of elemental B, is in the middle position among those of the 8 steels; . The steel G, which contains the highest level of elemental B (0.074 mass%) among the 8 steels, shows higher creep rupture strength than those of the steels C to F of the middle rupture strength group; . The steel H containing Ti and B shows the highest creep rupture strength and the superiority over the other steels becomes more pronounced especially at longer time to rupture. The variations of creep rupture elongation and reduction of area with applied stress are similar to that of creep rupture life (Fig. 1) . The essential features of creep rupture ductility of the 8 steels are as follows:
. The steel H shows the highest creep rupture elongation and reduction of area. The high creep rupture ductility is maintained for longer time to rupture, whereas the ductility of other steels decreases markedly with increasing time to rupture. The superiority in the ductility of the steel H, consequently, becomes more pronounced at longer time to rupture; . The steels G and F containing the highest amount of elemental B and considerable amount of B and Al, respectively, show the lowest level creep rupture elongation and reduction of area; . The steels B, C, D and E show comparatively higher creep rupture elongation and reduction of area. When compared with those of the steel A of the standard 304 steel, the ductility of these steels is slightly lower; Table 1 Chemical composition of steels used (mass%). . The steel A shows high ductility at shorter time to rupture less than 300 h, and the ductility level is similar to that of the steel H. The ductility of the steel A, however, decreases markedly with increasing time to rupture, then becoming significantly lower than that of the steel H. The creep rupture properties of the steels A-G indicate that increasing in creep rupture strength leads to the deterioration of rupture ductility. This is the well-known correlation between creep rupture strength and ductility. The steel H, however, is provided with both of the highest creep rupture strength and the highest ductility, and the superiorities are especially pronounced at longer time to rupture.
Addition of B addition has been expected to improve not only the creep rupture strength but also the rupture ductility. Both creep rupture strength and ductility of the steel H were improved remarkably by B addition as expected. B addition to the other steels, however, deteriorated rupture ductility significantly, whereas creep rupture strength was improved.
Evolution of creep cavities
Creep cavities were observed under SEM on polished longitudinal sections of creep ruptured specimens. Figure 2 shows the creep cavities observed in the ruptured specimens of the steels A, G, and H. Numerous and grown creep cavities were observed in the ruptured specimens of steels A and G, whereas only few microscopic creep cavities were observed in the steel H. Creep cavities in the steels B, C, D, E and F were grown and similar to those in the steels A and G.
Fractured parts of ruptured specimens were observed by optical microscopy and SEM. All of the ruptured specimens of the steel H showed the transgranular fracture mode that grains at the fractured parts are significantly elongated parallel to stress and reduced markedly perpendicular to stress. Long term ruptured specimens of the other steels showed the grain boundary fracture mode that grain boundary cracks are formed by linking up creep cavities each other and propagate along grain boundaries perpendicular to stress, causing the low ductility fracture.
Creep cavitation in the steels was quantified by change in density measurements before and after creep exposure. The change in density of ruptured specimens of the 8 steels is shown in Fig. 3 . The change in density of the creep ruptured specimens is caused not only by the creep cavitation but also lattice parameter change associated with precipitating during creep exposure. In order to estimate only the amount of creep cavities occurring during creep exposure, the change in density resulting from the precipitation was separated from the change caused by creep exposure. The change in density resulting from the precipitation was estimated by measurements of specimens' heads. The estimated change in density due to the precipitation was comparatively low and almost the same level of 1 Â 10 À3 .
14) The data of Fig. 3 , which were compensated with the value, correspond to the amount of creep cavities. Figure 3 shows that change in density of all of the steels decreases with increasing time to rupture. The decrease in change in density of the steel H is very slight, whereas those of the other steels are significantly marked. This verifies quantitatively that creep cavitation in the steel H is suppressed effectively. Figure 4 shows microstructures observed by TEM in creep ruptured specimens of the steels G and H. In the steel G, rectangular or square plate precipitates, which are probably M 23 C 6 , were observed. In the steel H, fine precipitates on dislocations, which are probably TiC or TiN, were observed.
Metallographic observations
Distribution and shape of precipitates and dislocation structures in the steels A-F were similar to those in the steel G. The detailed observation showed that the plate like precipitates assumed as M 23 C 6 in the steels A and B were slightly larger than those in the other steels. It was thought that the densely distributed fine precipitates assumed as TiC and TiN in the steel H provide the steel with the precipitation strengthening and probably contribute to the higher creep rupture strength than those of the other steels. Figure 5 shows an example of X-ray diffraction analyses of the precipitates, extracted from the creep ruptured specimens. The X-ray diffraction pattern of the steel H revealed the presences of Cr 23 C 6 , TiC, TiN, Cr 2 B, and the sulfides of Ti 4 C 2 S 2 and Ce 2 O 2 S 2 . The sulfides presence indicates that the additions of Ti along with Ce are very effective in removing free S.
Chemistry of creep cavity surface
Chemistry of creep cavity surface of the 8 steels was examined by AES. Notched specimens of 3 mm in diameter were machined from the creep ruptured specimens. The notched specimens were fractured under impact loading at liquid nitrogen temperature inside an AES to expose the grain facets with creep cavities on them. Figure 6 shows typical fractured surfaces with creep cavities of the steels A, G and H. The SEM observations were carried out on the specimens taken out of the AES chamber after AES analyses. Comparatively large creep cavities were observed on the fractured surfaces of the steels A and G (Figs. 6(a), (b) ). Those of the steels B-F were similar to those of the steels A and G. On the other hand, only few and small creep cavities were observed in samples of the steel H (Fig. 1(c) ).
Typical auger spectra obtained from the creep cavity surfaces of the 8 steels are shown in Fig. 7 . All of the auger spectra of the steels A-G are similar each other, and show sharp peaks of S segregation. The auger peaks of elemental C formed in some of the steels (Fig. 7) may be caused by adsorption of C in residual gas in the AES chamber.
No peak of elements which are thought to segregate onto creep cavity surfaces was observed except for the peaks of S and C. The sulfur peaks of the 7 steels showed almost the same shapes and the same positions, and no sulfides around the measurement points were detected. These observations indicate that the whole surfaces of the creep cavities are covered with the segregated S.
The Auger electron spectrum of the steel H shows the peaks of B and N, and no peak of S. In addition to the peaks of B and N, comparatively high peaks of C and O, resulting from the contamination, are observed. To find the suitable creep cavities for the AES observation on the fractured surface, it took longer time, since the creep cavities are few and small in the steel H. The delay may be the reason why the higher peaks of C and O, which are main contaminates in the residual gas in the AES chamber, were observed in the steel H. The creep cavities in the notched specimens of the steel H were subjected to significant deformation by impact loading. The deformation may be also the reason why the peaks of B and N are comparatively low. 4) Taking these circumstances into consideration, it may be presumable that the segregated B and N cover whole of the creep cavity surfaces.
It was reported by Stulen et al. 15) and Tosa et al. 16 ) that compound of BN forms on outer surface of austenitic stainless steels by heating them in vacuum. The shapes and the positions of Auger peaks of B and N in the steel H are almost the same as those of BN reported by them. This correspondence indicates that the segregated B and N form BN compound on the creep cavity surfaces. Tosa et al. succeeded in covering whole of outer surface with BN film by removing free S. It was suggested that the same precipitation occurred on the creep cavity surfaces continuously during creep exposure.
3.5 Effect of BN precipitation onto creep cavity surface on creep rupture properties Obtained results in the present work are summarized as follows:
. The steel H shows extremely higher creep rupture strength, and rupture elongation and reduction of area at longer time to rupture (Fig. 1) ; . The creep cavities observed in creep ruptured specimens of the steel H are few and small (Fig. 2) , corresponding with slight decrease of change in density (Fig. 3) ; . Free S in the steel H is removed almost completely by precipitations of Ce 2 O 2 S 2 and Ti 4 C 2 S 2 ( Fig. 5 ) associated with additions of Ti along with Ce;
. The compound of BN precipitates onto creep cavity surfaces in the steel H, whereas only S segregates onto creep cavity surfaces in the other 7 steels (Fig. 7) . These results lead to the following deductions; the superior long term rupture properties, particularly rupture ductility, are provided by suppressing the creep cavitation, the suppression of the creep cavitation is derived from BN precipitation onto creep cavity surfaces, and the BN precipitation is permited by removing free S which segregates onto the creep cavity surfaces.
Segregation of S onto creep cavity surfaces has been reported, [17] [18] [19] [20] to decrease the critical size of creep cavities for autonomous growth by reducing the surface energy of creep cavities, 21) which makes the nucleation of creep cavities easy, 3, 18, 22) and also increase the surface diffusion rate by over 10 3 times, [23] [24] [25] which accelerates the creep cavity growth rate. 23) The precipitation of BN onto creep cavity surfaces were reported for the first time by the authors. 3, 4) The precipitation of BN, whose melting point is 3000 C, gives an entirely different effect on the creep cavitation from that of the segregation of S, whose melting point is 112. 8 C. The high temperature stability of BN should suppress and almost freeze up the surface diffusion rate and also the creep cavity growth at 750 C tested in the present work and in the region of actual service temperatures of austenitic stainless steels in high temperature plants.
Both of S segregation and BN precipitation onto creep cavity surface may reduce the surface energy and give the similar acceleration effect on nucleation of creep cavity. The S segregation and BN precipitation, however, give entirely different effects on the creep cavity growth. The segregation of S of low melting point accelerates the creep cavity surface diffusion remarkably, whereas the precipitation of BN of high melting point freezes it. This difference leads to the striking contrast in the creep cavitation and the rupture properties between the steel H and the other 7 steels. In the steel H with precipitation of BN, the creep cavity growth rate is suppressed, and this suppression is thought to lead to the prevention of grain boundary fracture caused by creep cavitation, and provides the steel H with the significant improvement of long term creep rupture ductility. On the other hand, in the 7 steels with segregation of S, the creep cavity growth is markedly accelerated, resulting in the low ductility fracture.
Yoshihara et al. 26, 27) succeeded in precipitating BN film onto whole outer surface of austenitic stainless steels, and the precipitation technology has been applied to a surface coating for vacuum vessels. 16) In the same way as the outer surface coating, this precipitation of BN onto creep cavity surface is expected to be applied to methods for improving the performance of heat resisting steels.
Conclusions
The chemistry of creep cavity surface has been controlled, in order to suppress the creep cavity growth, and it has been indicated that BN precipitation onto creep cavity surface suppresses the creep cavity growth effectively. 3, 4) The objective of the present paper is to clarify the metallurgical 
